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Abstract: Optical metamaterials have unique properties which result from
geometric confinement of the optical conductivity. We developed a series
of infrared metasurfaces based on an array of metallic square loop antennas.
The far-field absorption spectrum can be designed with resonances across
the infrared by scaling the geometric dimensions. We measure the
amplitude and phase of the resonant mode as standing wave patterns within
the square loops using scattering-scanning near-field optical microscopy (sSNOM). Further, using a broad-band synchrotron-based FTIR microscope
and s-SNOM at the Advanced Light Source, we are able to correlate farfield spectra to near-field modes of the metasurface as the resonance is
tuned between samples. The results highlight the importance of multimodal imaging for the design and characterization of optical metamaterials.
©2013 Optical Society of America
OCIS codes: (260.3910) Metal optics; (260.5740) Resonance; (310.6628) Subwavelength
structures; (180.4243) Near-field microscopy; (300.6300) Spectroscopy; (160.3918)
Metamaterials.
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1. Introduction
Optical metamaterials are obtained by engineering size, shape, and electronic confinement to
achieve electromagnetic properties not native to the material, or even properties not typically
found in nature. Manipulation of spectral properties [1–5] and phase control [6–8] is often
achieved through frequency selective surface designs borrowed from radio technology and
scaled to resonance with infrared wavelengths [9–12]. Recently, the term metasurface has
been used to describe metamaterials consisting of a thin layer of elements with periodicity in
two dimensions [8, 13, 14]. Here, electronic coupling between neighboring loops is used to
mimic an ideal absorbing sheet, limiting optical dispersion and allowing broad-band
absorbance.
The desired functionality of the metasurfaces relies on the local near-field interactions at
deep sub-wavelength dimensions. In this work we utilize both broad-band synchrotron based
and narrow-band laser based infrared scattering-scanning near-field optical microscopy (sSNOM) in combination with far-field FTIR microscopy and theoretical simulations to
investigate the spectral and spatial near-field mode characteristics of a specific metasurface
design. This work builds on the previous successful demonstration of the use of s-SNOM for
the investigation of metamaterial-type structures at infrared wavelengths [15–17], optical
antennas [18, 19], and transmission lines [20, 21], yet represents the first application of a
broad-band IR source for such investigations.
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Near-field measurements using s-SNOM operating in mid-infrared (mid-IR) were made
on metasurfaces consisting of square loop arrays. Three dimensional finite element methods
are used to identify the resonant energy conditions and Eigen-modes within the antenna array.
The arrays are designed to have an absorptive fundamental resonance in the range 8-22 µm.
Far-field reflectance infrared spectroscopy (FTIR) resolves a strong absorption at the
fundamental resonance as well as weaker higher order modes. Interferometrically detected
narrow-band s-SNOM resolves the phase and magnitude of the evanescent near-field signal of
both dipolar and quadrupolar resonant modes. Synchrotron based, broad-band s-SNOM
reveals the standing wave patterns of the fundamental absorption mode and dielectric contrast
due to the constituent materials.
2. Metasurface design and fabrication
The dimensionality of the square loop arrays was designed using finite element method
software to set the fundamental absorption energy of the arrays. Simulations were run in
Ansoft HFSS, a full wave electromagnetic solver, using the Floquet port method. This method
allows for computation of the amplitude and phase of the local electric field as well as the farfield spectral properties. Each of the samples was designed with resonances at 60° incidence
angle relative to surface normal with s-polarized light (transverse electric field) in order to
improve the near-field response measurable by s-SNOM. Metasurfaces were constructed
using either aluminum or gold square loops over an aluminum or chromium ground plane,
separated by a BCB or ZnS dielectric standoff layer. Here, the Al / BCB / Al metasurface is
presented as a more practical design (inexpensive and easy to fabricate) while the Cr / ZnS /
Au metasurface is presented as an alternative design to avoid the loss bands in the dielectric
layer. BCB is a commonly used infrared dielectric material due to its low cost fabrication by
spin coating and relatively low loss over certain portions of the infrared spectrum. ZnS is used
as an essentially lossless infrared material. A Cr ground plane was used in the ZnS design
because it was found that ZnS adheres very well to it. The frequency dependent optical
constants of the materials used in the design were determined via ellipsometry and employed
in the simulation. Through successive parametric iterations of the geometrical factors in the
design (such as size of the loop, line width, periodicity, and thickness of the dielectric layer)
the 60° off-normal absorptivity was maximized.
The goal for Al loop design optimization was to create two metasurfaces which would
exhibit a dipolar and quadrupolar resonance under the illumination conditions of the narrowband s-SNOM apparatus. Simulations of the absorptivity at 10.6 µm under 60° incidence
angle are shown in Fig. 1 with respect to the length of the square loop edge. This clearly
shows strong resonant conditions when the loop edge is 2.0 and 3.75 µm, with the former
being nearly unity absorptivity. By observing the near-fields in the simulation, it is clear that
the 2.0 µm loops display a fundamental (dipolar) mode while the 3.75 µm loops displayed a
harmonic (quadrupolar) mode at 10.6 µm and 60° incidence angle. Further investigation
showed that the fundamental resonance of the 3.75 µm loops exists for an excitation
wavelength near 22 µm.
The Al square loop samples were fabricated according to these optimized designs. First,
an optically thick ground plane was deposited by resistive evaporation upon a clean Si wafer.
Then, a BCB layer of 1.2 μm thickness was deposited via spin coating and curing in an inert
environment. The loop elements were created by electron beam lithography followed by
metallization and liftoff. The Al elements had a line width of 250 nm, line thickness of 75 nm,
and periodicity of 5 µm. A composite SEM image of the fabricated structures is shown in
Figs. 2(a) and 2(b).
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Fig. 1. Simulated absorptivity at 10.6 µm and 60° angle of incidence as a function of the loop
edge length for the Al square loop designs. Unit cell schematics depicting the simulated nearfield of the resonant cases at 2.0 µm and 3.75 µm are shown near their respective peaks for
clarity. Near-field analysis shows that the 2.0 µm loops display a dipolar resonance while the
3.75 µm loops display a quadrupolar resonance.

Gold square loops were prepared in a similar manner using electron beam lithography.
These samples utilize a Cr ground plane covered with a 215 nm ZnS spacer layer. Two gold
samples were designed and fabricated with an edge length of 1.43 µm and periodicity of 1.79
µm and 5.79 µm. At 60° incident angle, finite element methods predict the tightly packed Au
loops to be resonant near 9.5 µm and the loosely packed Au loops to be resonant near 8.7 µm,
resulting from the change in coupling of the evanescent electric fields as a function of loop
spacing. Additionally, the closely spaced loops form a highly resonant metasurface while the
loosely spaced loops are much less resonant. SEM micrographs of the gold loop arrays are
shown in Figs. 2(d) and 2(e).
3. Far-field Infrared Spectroscopy
Resonance conditions were identified at normal incidence in the far-field using reflectance
geometry FTIR spectroscopy. Far-field spectra were collected using an infrared microscope in
reflectance geometry with an unpolarized globar (50 μm aperture, 32x objective, N.A. 0.65,
18-40.5° angle of focus). The normal incidence simulated and experimental far-field
absorptivity spectra [Figs. 2(c) and 2(f)] show broad resonances at 9.5 µm (small Al loops),
22 µm (large Al loops) 10 µm (tightly spaced Au loops) and 9.2 µm (loosely spaced Au
loops). In general, the simulations show good agreement with the experimental absorptivity
near the design wavelength of each metasurface. One possible exception to this is in the case
of the large Al loops which are fundamentally resonant in the far-infrared. Here, it is unclear
whether the discrepancy is real or simply due to poor signal quality of the FTIR at such long
wavelengths. Somewhat marginal agreement between the simulated and experimental results
is seen at wavelengths much shorter than that of the intended designs. This is likely due to the
simulations assuming a high degree of spatial and temporal coherence that is not present in
the FTIR experiment.
In all cases, the normal incidence resonances are observed to be shifted spectrally from
the original finite element method designs, which were optimized for illumination at 60°
angle of incidence. The Au/ZnS samples have resonance that is blue-shifted with increasing
angle of incidence while the Al/BCB samples have a resonance that is red-shifted. (The latter
is due to the presence of vibrational modes in the BCB polymer). The finite element method
calculations showing the shifting of resonant absorptivity peaks with increasing angle of
incidence qualitatively match the observed far-field spectral shifts observed at near-normal
incidence.
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The spectra for the Al samples on BCB spacer display a series of sharp peaks in the region
3-13 µm where higher order absorption modes are expected [Fig. 2(c)]. These sharp peaks are
due to molecular vibrational modes in the BCB organic spacer layer. Optical constants
derived from ellipsometry show major absorption bands in BCB at 9.5 μm, 12 μm, and 12.4
μm; the substrate absorptivity shown in Fig. 2(c) is intended to highlight the BCB absorptivity
that is present in all data sets. Antenna-mode near-field enhancement of BCB stretching
modes results in non-linear scaling of these peaks and prevents accurate background
subtraction. Surface enhancement of vibrational modes can occur near resonant conditions of
a plasmonic antenna. This is dependent upon both the spectral overlap of the plasmon
resonance with the molecular vibration as well as the orientation and distance of the
vibrational mode with respect to the evanescent electric fields of the antenna. Plasmon
enhanced infrared absorption of the molecular vibrational modes is observed in energy
corresponding to the fundamental absorption mode and above. Similar enhancement is
observed for the large Al loops, though it is observed at an energy 2-4 times that of the
fundamental absorption mode of the metasurface. We attribute this to the higher order optical
modes in the metasurface.
Higher order resonances are also investigated for the gold samples. The broad
transmission window of the ZnS spacer allows more accurate measurement of the
metasurface resonance with less background interference. A sharp fundamental absorbance
peak is observed at 10 µm in the tightly packed Au loops [Fig. 2(f)]. Up to three higher order
modes of this resonance may be observed with smaller peaks occurring at 4.8 µm, 3.2 µm and
2.1 µm. The resonance conditions at 3.2 µ and 2.1 µm are predicted in simulation, while the
peak observed near 4.8 µm is not. Due to decreased inter-element coupling, the loosely
packed Au loops have a weaker fundamental absorbance at 9.2 µm, with a large higher order
resonance observed near 2.5 μm. Both the fundamental resonance and higher order feature
observed for the loosely packed Au loops are predicted in the simulation.

Fig. 2. SEM images of the fabricated metasurfaces (a) small Al square loop metasurface, (b)
large Al loop metasurface, (d) tightly spaced gold loop metasurface with 1.79 μm periodicity
(e) widely spaced gold loops with 5.79 μm periodicity. Experimental and simulated
absorptivity, Al loop arrays as well as the BCB substrate (c) and Au loop arrays (f).
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4. Near-field methods
Geometric confinement and local phase of resonant electric fields in a metasurface are
resolved using s-SNOM. We measure the near-field response using both monochromatic laser
based and broad-band synchrotron based s-SNOM.
Narrow-band s-SNOM utilizes a CO2 laser source operating at 10.6 µm; the
interferometric homodyne signal is detected by a Mercury Cadmium Telluride (MCT)
detector as described previously [22]. In the current configuration, the reference arm of the
interferometer contains a quarter waveplate, which rotates the interfering light to have
opposite polarization as the incident beam. In this way, s-polarized light is used for resonant
excitation of the metasurface, and the predominately p-polarized light collected from the tip
interferes with p-polarized light from the reference arm. For each region of interest, scans are
taken at several different mirror positions to interfere different phases of the reference arm.
Phase and amplitude images determined by a least squares fit can then be represented as
images of the evanescent electric field as a function of position on the sample.

Fig. 3. Schematic of (a) monochromatic s-SNOM with a CO2 laser source. The reference arm
contains a moving mirror (MM) and quarter waveplate to allow interferometric detection with
s- and p-polarized light. A wire grid polarizer (WGP) is also used to decrease background
interference. Broadband synchrotron based s-SNOM (b) relies on a similar experimental setup.
The reference arm is blocked during spatial imaging.

A broad-band s-SNOM was developed at beamline 5.4 of the Advanced Light Source,
Lawrence Berkeley National Laboratory [23]. This source produces an ultra-broad-band
infrared beam spanning the entire infrared region, limited by the BaF2 beamsplitter and MCT
detector to approximately the region 1.7-12.5 µm. This light is collimated to a 1.5 cm
diameter beam and focused on an AFM tip using a custom parabolic mirror (NA ~0.4) with
an effective focal length of 19.5 mm, resulting in a near diffraction-limited beam waist of 20
µm [24]. The focused synchrotron beam is incident on the AFM tip at an angle of 63.5° from
normal incidence. Both s-polarized and p-polarized light, achieved by a periscope rotation of
the beam, were used in this investigation. Polarization is maintained at the sample by aligning
the incident beam parallel to the AFM cantilever (Arrow NC, fo = 285 kHz). The near-field
signal is demodulated with a lock-in amplifier (Zurich Instruments), and high contrast images
were obtained at the first through third demodulations of the tip oscillation. An average beam
power of 600 µW was found to produce large signal and allow detection with a fast time
constant (1 −10 ms typical) and short imaging times.
Nano-FTIR is achieved by interferometric detection of the scattered signal, utilizing the
movable mirror in a commercial FTIR [25]. An asymmetric interferogram is measured as a
function of reference arm delay, resulting from the vibrational free induction decay [26]. Due
to the long signal collection times for nano-FTIR spectroscopy, fully resolved phase and
frequency images cannot be obtained. Instead, broad-band imaging of the evanescent fields is
achieved by blocking the reference arm and collecting signal from either the full or limited
spectral range. Self-homodyne detection amplifies the near-field signal through mixing with
far-field scattered light. Although this technique mixes in phase and out of phase components
of the near-field signal, signal collection is dramatically simplified for broad-band sources. In
#188776 - $15.00 USD
(C) 2013 OSA

Received 16 Apr 2013; revised 2 Jul 2013; accepted 4 Jul 2013; published 11 Jul 2013
15 July 2013 | Vol. 21, No. 14 | DOI:10.1364/OE.21.017150 | OPTICS EXPRESS 17155

general it is found that phase contamination in self-homodyne amplification occurs with large
area scans on the order of the wavelength of light and becomes less important with small area
scans and long incident wavelengths. In this study, we have observed constant phase of the
self-homodyne reference within a single image across the range of image sizes (1-10 μm)
examined, resulting in constant signal intensity across the imaging region.
5. Near-field results: Narrow-Band
Narrow-band s-SNOM was used to investigate the resonant near-field response of the optical
metasurfaces with 10.6 µm illumination. Measured amplitude and phase of the electric field
for the small loop metasurfaces [Figs. 4(a) and 4(c)] reveal a strong resonant signal above the
dielectric contrast. The near-field imaging results agree qualitatively with the finite element
simulations of amplitude and phase [Figs. 4(b) and 4(d)]. The s-SNOM amplitude signal has
been normalized for comparison with the simulation. Measured and simulated amplitude data
[Figs. 4(a) and 4(b)] show the familiar symmetric dipole type field amplitude pattern, with
strong field on either side of the loop and a null across the horizontal edges. This is indicative
of the fundamental mode of the structure. The field amplitude appears greater in the upper
portions of the square loops as compared to the lower portions; this is attributed to the light
source being located above the top of the image with the AFM tip shadowing each loop. The
experimental and theoretical phase images [Figs. 4(c) and 4(d)] show characteristic evidence
of an anti-symmetric dipole in the near-field signal. Some discrepancy is observed between
theory and experiment here because the phase wrapping routines do not discriminate + π from
-π well, and small errors near ± π appear as a sign flip. Accounting for sensitivity near π, the
phase images are found to agree well with the predicted lowest order anti-symmetric dipole
mode.

Fig. 4. Images of s-SNOM data and HFSS simulations for the small loop metasurface showing
the normalized s-SNOM amplitude (a) and relative phase (c), as compared to the normalized
electric field amplitude (b) and relative phase (d) values simulated in HFSS.

The measured and simulated near-field amplitude and phase results for the large loop
metasurface are shown in Figs. 5(a)-5(d). The large loop Al square loops are investigated
using the same 10.6 μm CO2 laser, such that the laser is approximately resonant with twice
the frequency of the fundamental absorption mode at 22 μm. As shown in the experimental
and simulated amplitude section of the Figs. 5(a) and 5(b), respectively, the larger loops have
strong amplitude at the corners with nulls at the center of each edge. Amplitude and phase are
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both observed to have two orthogonal modes, with symmetric and anti-symmetric signals
respectively, indicating observation of the second order quadrupole mode. The experimental
phase image [Fig. 5(c)] appears to have a better qualitative match to the simulation [Fig. 5(d)]
here as compared to that of the smaller loops, though the tip shadowing effect is still
observed. Simulations show that this quadrupole mode exists only under excitation at angles
of incidence greater than 40° from normal. At normal incidence, a weak dipole mode is seen
in simulation. This mode at normal incidence could be predicted from the far-field reflectance
FTIR spectra; however, large plasmon enhancement of molecular vibrations in the spacer
layer restricts the ability resolve the peak of interest clearly. In this case, the s-SNOM is thus
shown to be a more sensitive probe of resonant modes as compared to standard far-field
measurements.

Fig. 5. Images of s-SNOM data and HFSS simulations for the large loop metasurface showing
the normalized s-SNOM amplitude (a) and relative phase (c), as compared to the normalized
electric field amplitude (b) and relative phase (d) values simulated in HFSS.

6. Near-field results: Broad-Band
Both in plane and out of plane electric field resonance are examined using the broad-band
synchrotron source. The out of plane resonance, achieved using p-polarized incident light,
results in higher signal strength due to antenna amplification parallel to the tip axis.
Topography as well as first and second harmonic demodulations of the optical signal are
simultaneously measured in the small Al square loops [Figs. 6(a)-6(d)]. Spatial resolution in
this image is found to be near tip-limited, as the optical intensity matches the topography at
the loop edge nearly perfectly. The square loops show a significant evanescent near-field
contribution above the non-resonant dielectric contrast [Figs. 6(b)-6(d)]. It is perhaps
surprising that relatively narrow-band resonant absorption by the metasurface is readily
detectable above the expected dielectric contrast using a detection method that is not
frequency resolved. This supports the presence of highly absorbing or emitting modes in the
metasurface, in good agreement with far-field spectra.
Broad-band imaging of the near-field signal in Al square loops reveal a dipole mode
parallel to the axis of incident light. The highest electric field strengths are observed near the
top and bottom edges of the square loop, with a clear node existing through the middle of the
loop. The anti-symmetric signal, with a single nodal plane running through the square loop
array, is in close agreement with phase images observed in narrow-band s-SNOM.
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Constructive and destructive interference are observed in the optical signal from the
metasurface as a result of interference with the self-homodyne reference scattering signal.
Self-homodyne detection does not directly distinguish phase from amplitude in the optical
signal: the observed anti-symmetric images indicate a dominant contribution from phase of
the electric field. The anti-symmetric signal appears most strongly in the first harmonic
demodulation, with a decreasing negative portion of the optical signal at higher harmonics.
The near-field dielectric contrast also increases with increasing lock-in demodulation, and an
apparent decrease in the relative strength of the resonant signal at higher demodulations may
result from a larger relative enhancement of dielectric contrast.

Fig. 6. Synchrotron based infrared s-SNOM of small aluminum loops using p-polarized light
showing topography (a), lock-in demodulations 1 Ω and 2 Ω (b) and (c), and line cuts of the
intensity (d). Here, Ω denotes the harmonic of the demodulation, such that 2 Ω refers to the
second harmonic.

Investigation of the near-field signal parallel to the metasurface plane was carried out
using s-polarized light. Figures 7(b)-7(d) show s-polarized broad-band excitation and
detection on the Au array resonant with 1.79 μm periodicity. The signal with s-polarized light
was found to be significantly smaller in general, as the geometry of the tip favors ppolarization for both incident light and detection. Images resulting from the in plane
component of the near-field are nearly identical to the out of plane p-polarized light. Further,
neither the change in spacer material between BCB and ZnS nor the change in metal is found
to influence the near-field signal. The nearly identical near-field signal from the Au and Al
metasurfaces supports the fundamental assumption that conductivity and geometry, rather
than details of material properties, define the response of the resonant modes.
The intensity shown for the s-polarized incident light, [Figs. 7(b)-7(d)] is spatially
inverted compared to the p-polarized condition. The sign of the near-field dipole resonance
flips dependent upon the phase of the scattered self-homodyne reference signal: image
intensity inverts with a phase shift of 180° in the reference signal. Because the samples
possess square symmetry, and the electric field is coupled to the tip perpendicular to the
sample, dipole resonance can also occur parallel, anti-parallel, or orthogonal to the incident
light. The direction of the near-field dipole is thus highly sensitive to the details of the
alignment, tip-sample coupling, and the local phase of the reference field.
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Fig. 7. Synchrotron based infrared s-SNOM of gold loops with 1.79 μm periodicity with spolarized light showing topography (a), lock-in demodulations 1 and 2 (b) and (c), and line
cuts of the intensity (d). An anti-symmetric dipole response is observed in the vertical line cut
along the gold loops, while a symmetric response is resolve in the horizontal line cut.

The presence of quadrupole and higher order modes was investigated in three samples
with fundamental resonance near 10 μm. Because the broad-band source spans the excitation
region 1.7-12.5 μm, higher order modes may be excited within the metasurface. The dipole
mode corresponding to the fundamental absorption is found to point parallel or antiparallel to
the Poynting vector of the incident light. The phase of the electric field is found to dominate
the observed near-field signal in the vertical direction for both s- and p-polarized incident
light. Little spatial variation was observed along the beams of the square loop using ppolarized light, as could be expected for a dipole mode. Using s-polarized light, however, the
beams show a strong symmetric optical response [Fig. 7(d)]. This may result from an
excitation by higher order modes, resulting in a symmetric signal. More likely, symmetric
response along a horizontal beam results from the symmetric amplitude signal, which is
simultaneously amplified. These data suggest, however, that nodes exist in both the horizontal
and vertical directions within the same image, which would support the presence of a
quadrupole mode. A quadrupole may also exist simultaneously with the dipole mode while
remaining undetected due to a lower signal strength in the higher mode. Frequency resolved
interferometric detection will be required in future studies to clearly identify the role of higher
order resonant modes.
7. Conclusion
Square loop based metasurfaces were fabricated with gold or aluminum loops above a
molecular or ZnS spacer layer and metallic ground plane. Far-field reflectance FTIR revealed
clear fundamental resonances closely matching the theoretical modeling from finite element
method analysis. The Au/ZnS arrays revealed weak absorptions from higher order resonance
modes, while the Al/BCB metasurface showed antenna enhancement of the BCB molecular
vibrations near the expected higher modes. Near-field imaging using s-SNOM showed that
the electric field in the direction normal to the sample displays strong multipolar resonances.
Monochromatic excitation at 10.6 µm was found to resonantly couple to both dipolar and
quadrupolar modes. This is evidenced in both the electric field amplitude and phase images.
Broad-band s-SNOM of the metasurface, however, found that the dominant contribution
resulted from the lowest order dipole mode. Our results show that infrared s-SNOM is a
powerful technique for imaging the electric fields resonant within metasurfaces.
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